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We investigated the development of the immune system during the larval stages of the mussel 
Mytilus galloprovincialis. The ability of trochophore and veliger larvae to phagocytose foreign 
particles (Escherichia coli and zymosan) was measured. Phagocytosis was detected as early as 
24 hours post fertilization (hpf) using flow cytometry and fluorescence microscopy. However, 
although there was a high basal production of reactive oxygen and nitrogen species (ROS and 
NRS), the phagocytosis of zymosan did not trigger an associated increase in radical production. 
In addition, a panel of immune-related mussel genes (Myticin B, Myticin C, Mytilin B, 
Mytimycin precursor 1, Macrophage migration inhibition factor, lysozyme, C1q, membrane 
attack complex protein and fibrinogen-related protein) was selected for expression profile 
analysis throughout the different developmental stages (trochophore, veliger, metamorphosis, 
post-settlement and spat). The expression of these genes increased during the transition from 
trochophore to spat, and the level of expression was higher in oocytes than in trochophores, 
suggesting that gene expression during the first larval stages might be maternal in origin. 
Metamorphosis was identified as a crucial stage when larvae increased the expression of 
immune-related genes and responded to environmental signals. Whole-mount in situ 
hybridization studies showed the mantle edge as an important area in the development of 
immunocompetence in bivalve larvae. Larvae responded to both live and heat-inactivated 
bacteria by modulating expression of immune-related genes. Altogether, our results support that 
during the early stages of M. galloprovincialis development, immune mechanisms emerge to aid 
larvae in managing infections. 
 Highlights 
• Mussel larvae phagocytose particles as early as 24 hpf. 
• There is strong basal reactive radicals production in mussel trochophore larvae. 
• Immune-related gene expression is switched on during metamorphosis. 
• The mantle edge is associated with immune-related gene expression in veliger 
larvae. 
• V. anguillarum can modulate larval mussel gene expression. 
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 1. Introduction 
Marine invertebrate reproduction generally occurs by the release of a huge number of 
eggs into the water column and the formation of larvae after egg fertilization. After a period of 
free living, larvae undergo metamorphosis, transitioning from free-swimming larvae to 
benthonic postlarva or juveniles [1]. This mechanism ensures the spread of the species 
throughout nature and can partially explain the rapid colonization of new habitats by marine 
animals. Embryonic and larval development are important phylogenetic events because bilateral 
animals are divided into deuterostomes or protostomes based on the embryonic origin of the 
mouth and anus. Mollusks are lophotrochozoans, a group characterized by the presence of 
trochophore larvae [2]. The ontogeny of mollusks is a complex process that is only completed 
by a small percentage of the original larvae produced after fecundation. The main threats to the 
completion of the larval life cycle are predation and poor environmental conditions, although 
larvae also have to manage pathogenic infections [3, 4]. 
Among Protostomia, research into larval immune capacity as well as development, 
genetics and physiology has focused on model species such as the arthropod Drosophila or the 
nematode Caenorhabditis, which belong to the superphylum Ecdysozoa [5-7], paying less 
attention to the superphylum Lophotrochozoa, which includes mollusks. Mollusks are an 
interesting group, not only in terms of aquaculture production [8] but also because they have an 
important ecological role in the depuration of waters and as environmental sentinels [9]. 
Additionally, this group includes intermediate hosts for serious parasitic human diseases [10].  
Larval settlement and metamorphosis is a vital transition period that is associated with 
the evolution of metazoans, as well as differentiation and speciation [11]. This stage is also very 
important because settlement can modify the larval dispersal capacity, leading individuals to 
settle near their source or to be dispersed with a concomitant mortality risk. Therefore, 
competent and metamorphosing larvae are important for the ecological and evolutionary success 
of natural populations of marine invertebrates [12]. Even in cultured bivalves, metamorphosis is 
considered a crucial step for the overall success of the aquaculture facility because animals that 
have correctly settled usually show increased survival. However, it is unknown if competence is 
related to the expression of particular genes or if the immune system plays a role in the 
protection of larval stages. In fact, studies about the gene expression of mollusk larvae during 
development have been focused mainly on anatomical structural ontogenesis [13, 14], and little 
is known about bivalve larval immune defense or bivalve response to external stimuli [15-17]. 
Phagocytosis, antimicrobial peptide production and chemical defenses that serve both to control 
pathogens and to protect larvae from predation have been proposed as immune mechanisms in 
veliger larvae [18]. It has been reported that larvae initiate metamorphosis when they are 
developmentally competent to respond to environmental signals [19-21]; however, the factors 
that regulate this process have been difficult to identify. In this work, we have focused on the 
immune competence of several developmental stages of Mytilus galloprovincialis because 
immune-related genes are essential for responding to external stimuli. We have identified the 
immune functions occurring at larval stages and profiled gene expression during each 
developmental stage to understand this complex process. 
 
2. Materials and Methods 
2.1. Larval rearing 
Mature Mediterranean mussels (M. galloprovincialis) were obtained from a commercial 
shellfish farm (Vigo, Northwestern Spain) during the spawning season. Mussels were subjected 
to mechanical (brush cleaning) and environmental stress (left at least 1 h without water), and 
spawning was induced with 1 µm filtered seawater (FSW) at 30°C containing Isochrysis 
galbana.  The mature animals responding to spawning induction were placed in individual 
containers and oocyte and sperm quality was observed (bright orange color, cell integrity and 
sperm motility) under a Nikon Optiphot light microscope (Nikon Instruments Inc., NY, USA).   
Fertilization was performed by mixing high quality oocytes and sperm at a ratio of 1:10 
in a sterile glass container containing 2 L of FSW. After trochophore development for 24 h at 
21ºC, larvae were placed into 150 L tanks. Larvae were fed with I. galbana during the first 
week post-fertilization and a combination of I. galbana and Phaeodactylum tricornutum after 
the first week. Samples were taken and observed under a Nikon Eclipse E600 light microscope 
or a Nikon SMZ800 stereomicroscope. Measures were performed on pictures taken with a 
DXM1200 operated with ACT-1 v2.70 software (Nikon instruments Inc., NY, USA). 
2.2. Immune stimulation 
Bacterial challenge of larvae was performed with both heat-inactivated and live Vibrio 
anguillarum at all developmental stages. Larvae were stimulated with 106 CFU mL-1 of either 
live or inactivated bacterial challenges for 3 h at 15°C. Three biological replicates of stimulated 
larvae or controls were used for each stage. Larvae were concentrated, counted and then 
distributed into 6-well plates at a final volume of 7 mL per well. 
2.3. Functional immunology 
The capacity of larvae to phagocytose foreign particles and to produce radical oxygen 
and nitrogen species was studied from 24 to 72 hours post fertilization (hpf). Briefly, M. 
galloprovincialis larvae were mechanically disaggregated in calcium-magnesium-free saline 
(CMFS) buffer (137 mM sodium chloride, 4 mM potassium chloride, 0.4 mM sodium 
dihydrogen phosphate, 0.2 mM potassium hydrogen phosphate, 12 mM sodium bicarbonate, 
and 10 mM D-glucose), and the cells were resuspended in FSW prior to flow cytometry 
experiments.	  
Phagocytosis assays were performed using the larval cell suspensions and two different 
fluorescein-labeled (FITC) particles: Escherichia coli or zymosan (Molecular Probes, Life 
Technologies, Carlsbad, CA, USA). Cells and FITC particles were incubated for 90 min at 17ºC 
in the dark and counterstained with trypan blue to quench non-phagocytosed particles. The level 
of phagocytosis was determined using a FACSCalibur flow cytometer (Becton and Dickinson, 
San Jose, CA, USA). In addition, phagocytosis was also studied with fluorescence microscopy 
using pHrodo-labeled E. coli and Texas Red-labeled zymosan (Molecular Probes). Whole larvae 
were incubated with fluorescent particles as explained above and fixed overnight at 4ºC with 
4% paraformaldehyde (Sigma Chem. Co, St. Louis, MO, USA) in FSW. After fixation, larvae 
were stained with DAPI to visualize nuclei and mounted with ProLong Gold Antifade Reagent 
(Life Technologies Carlsbad, CA, USA). Larvae were observed with a Leica TCS SPE confocal 
microscope (Leica Microsystems GmbH, Wetzlar, Germany).  
The production of reactive oxygen species (ROS) was measured with flow cytometry 
using a 5, 6-chloromethyl-2’, 7’-dichlorodihydrofluorescein diacetate probe (CM-H2DCFDA,	  
Molecular Probes, Life Technologies, Carlsbad, CA, USA). After the probe penetrates the cells, 
it is oxidized by ROS, producing green fluorescence. Similarly, the production of reactive 
nitrogen species (RNS) was measured with flow cytometry using the 4-amino-5-methylamino-
2',7'-difluorofluorescein diacetate (DAF-FM diacetate) probe. In both cases, fluorescence in the 
FL1 channel was measured after trypan blue counterstaining in a FACSCalibur flow cytometer 
(Becton and Dickinson, San Jose, CA, USA). Zymosan at 0.1 µg mL-1 was used to stimulate the 
immune response. The DNA-specific stain 7-amino-actinomycin D (7AAD) was used to 
determine the integrity of cell membranes.  
2.4. Gene expression analysis using quantitative PCR 
Larval gene expression was measured both at basal conditions and in challenged larvae. 
Each experiment was conducted using three different biological replicates, and each replicate 
belonged to a different family. For ontogeny studies at basal conditions, larvae were collected, 
concentrated using nylon mesh and centrifuged. The pellet was resuspended in 500 µL of Trizol 
(Life Technologies Carlsbad, CA, USA), and total RNA extraction and cDNA synthesis were 
performed using the previously described standard protocols [22]. In the studies of challenged 
larvae, RNA isolation was performed using the Maxwell 16 LEV Simply RNA Tissue Kit 
(Promega, Madison, WI, USA) following manufacturer’s instructions. cDNA was synthesized 
as previously described.  
We examined the expression of several immune-related genes previously described in 
mussel [23]. The following genes were included in the analysis: the antimicrobial peptides 
Mytimycin precursor 1, Mytilin B, Myticin B and Myticin C; the putative genes implicated in 
pathogen recognition, C1q and Fibrinogen-related protein (FREP); the pore-forming molecule 
MacP; the inflammatory regulator macrophage inhibition factor and lysozyme. The expression 
of these immune-related genes was also performed in hemocytes from adult mussels.  
Quantitative PCR was performed using the PCR primers summarized in Table 1, which 
were selected according to qPCR restrictions. Oligo Analyzer 1.0.2 was used to assess dimer 
and hairpin formation. The efficiency of each primer pair was analyzed with seven serial 
fivefold dilutions of M. galloprovincialis cDNA and calculated from the slope of the regression 
line during the quantification cycle and compared to the relative concentration of cDNA [24]. A 
melting curve analysis was also performed to verify that primer dimers were not amplified. 
Real-time quantitative PCR was performed in the 7300 Real Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Reactions were performed using SYBR green PCR master 
mix (Applied Biosystems, Foster City, CA, USA) at a final volume of 25 µL (0.2 µM each 
primer). The standard cycling conditions were 95°C for 10 min, followed by 40 cycles of 95°C 
for 15 s and 60°C for 1 min. All reactions were performed as technical triplicates, and melting 
curves were analyzed for each reaction. The relative expression levels of the genes were 
normalized using 18S RNA as a reference gene following the Pfaffl method [24] because it is 
constitutively expressed and not affected by the challenge. 
2.5. In situ hybridization  
Larvae were fixed overnight at 4°C in 4% PFA, dehydrated through successive 
methanol dilutions and stored at -20ºC until whole-mount in situ hybridization (WISH) was 
performed. Sense and antisense probes were produced by PCR amplification using standard 
PCR conditions (35 cycles, 60°C annealing temperature). Primers were designed including Sp6 
(sense probe) or T7 (antisense probe) promoter sequences for labeling purposes (Table 2). 
Probes were purified with Amicon Ultra columns (Millipore Bedford, MA, USA), labeled with 
the Roche DIG RNA Labeling Kit (SP6/T7) (Roche Diagnostics, Mannheim, Germany), 
purified with Sigmaspin columns (Sigma Chem. Co, St. Louis, MO, USA) and stored at -20°C 
until use. 
WISH was set up for M. galloprovincialis larvae and performed in 24-well plates with 
0.5 - 1 mL of the appropriate solution in each well. All steps were performed in 41-µm-diameter 
mesh hand-made baskets. Larvae stored in methanol were re-hydrated in a methanol/PBS series 
and permeabilized using Proteinase K (Roche Diagnostics, Mannheim, Germany) at a final 
concentration of 10 ng mL-1 at 37°C for 10 min (trochophores and veliger larvae) or 20 min 
(metamorphosis larvae). The hybridization was carried out overnight at 70°C with 250 - 500 ng 
of the corresponding probe in 1 mL of hybridization mix (50% formamide, 5× SSC, 0.1% 
Tween-20, 50 mg mL-1 heparin and 0.5 mg mL-1 torula yeast tRNA). After washing and 
preincubation with blocking solution (2% sheep serum and 2 mg mL-1 BSA in PBT), larvae 
were incubated with alkaline phosphatase-conjugated anti-DIG secondary antibody (1:5000) 
(Roche Diagnostics, Mannheim, Germany) overnight at 4°C. After washing and presoaking, 
larvae were stained with NBT/BCIP (Roche Diagnostics, Mannheim, Germany) at room 
temperature. Larvae were observed and photographed using a Nikon Eclipse TS100 light 
microscope with a Nikon DS-Fi1 camera (Nikon Instruments Inc., NY, USA). 
2.6. Statistics 
 Phagocytosis was compared using Student’s t-test with unequal variances to identify 
statistically significant differences between the control and treatment groups. The results were 
expressed as the mean ± SEM and differences were considered significant at p<0.01. All 
treatments were assayed in triplicate. Production of radical species was considered significant at 
p<0.05. 
 Gene expression levels were transformed to a log2 scale before comparison with 
Student’s t-test with equal variances to look for statistical significance between oocytes and 
different developmental stages (larval basal gene expression) or between stimulated and non-
stimulated samples. The results were expressed as the mean ± SEM and differences were 
considered significant at p<0.05. 
 
3. Results and discussion 
3.1. Larval production and development 
M. galloprovincialis larvae were obtained in the laboratory, and the typical larval stages 
were observed as previously described (Fig. 1A, B, C) [25] with similar growth rates (Fig. 1D) 
as those obtained in closed systems with small volumes [26]. This is in agreement with previous 
data from laboratory culture [27, 28], where growth is slower than in hatcheries, that are more 
appropriate for obtaining larvae with higher survival and growth rates [25].  
After 24 h at 21ºC, the majority of fertilized oocytes develop into trochophore larvae 
(Fig. 1A) that are motile and characterized by the presence of two ciliar rings and an apical 
flagellum (Fig. 1A). At 48 h, trochophore larvae transformed into the veliger stage (Fig. 1B) in 
which motile larvae develop a velum that is enclosed in the primordial shell when resting. After 
19 days, the majority of larvae swelled and took an umbonate shape. The pediveliger stage is 
characterized by the formation of a foot and is the larval stage that fixes to the substratum (Fig. 
1C). Fig. 1D summarizes the length of larvae from five different M. galloprovincialis families. 
Larval length is altered by metamorphosis events and changes in form, particularly when larvae 
become umbonate in shape prior to settlement. 
	  
3.2. Immune capacity of early larval stages 
The phagocytic capacity of mussel larvae during their first hours of development is 
summarized in the Fig. 2, where the distribution of phagocytosing populations after treatment 
with the two FITC-labeled particles is represented (Fig. 2A). Phagocytic activity was observed 
as early as 24 hpf, and zymosan was the most phagocytosed particle (Fig. 2B).  
Results obtained using flow cytometry were confirmed with fluorescence microscopy at 
24 and 48 hpf. At 24 hpf (Fig. 3), phagocytosis of both E. coli and zymosan labeled with 
pHrodo and Texas-Red, respectively, was observed. Phagocytosis occurred at a higher rate at 48 
hpf than at 24 hpf. The early appearance of phagocytosis is in agreement with what has been 
previously observed in Crassostrea virginica larvae, where two different types of blood cells, 
SER cells (non-phagocytic cells) and phagocytic cells with intracytoplasmic granules and 
ameboid processes, were capable of internalizing India ink and observed as early as 24 hpf. 
Phagocytes from oyster larvae were also able to engulf cellular debris and foreign organisms 
[29, 30]. Phagocytosis could be related to tissue reorganization during development [31], 
supporting the early appearance of this ability in the larval ontogeny.  
Although the production of ROS and NO is considered to be associated with phagocytic 
processes and has been described in bivalve hemocytes [32-34], we were not able to detect 
triggering of these activities in larvae after stimulation with zymosan (Fig. 4). Basal levels of 
both reactive intermediates appeared high (a high percentage of fluorescence larvae were 
detected after treatment with the H2DCFH-DA or DCF-DA probes) but did not increase after 
stimulation (data not shown). The functions of ROS and NO are not restricted to immunity [35]. 
ROS have been implicated in cellular signaling and hematopoiesis in mice [36] and Drosophila 
[37], and nitric oxide is associated with metamorphosis in several different invertebrates [38, 
39]. High NO concentrations seem to block metamorphosis [1, 40], and inhibitors of NO 
production such as L-NAME can induce metamorphosis of the sea urchin Lytechinus pictus [1]. 
The lack of modulation of ROS and NO by zymosan in our experiments could be in agreement 
with these observations and suggests that reactive radical production is tightly regulated during 
these early developmental stages.  
3.3. Expression throughout development 
Analysis of the constitutive expression of the selected immune-related genes throughout 
M. galloprovincialis larval development is summarized in Figs. 5 and 6. In general, the 
expression of these genes increases during the transition from trochophore larvae to later 
developmental stages, reaching the maximum in adult hemocytes, specialized cells known to be 
involved in immune defense [41] with high expression levels of immune-related genes [22, 23, 
42, 43]. This increase throughout development might suggest the onset of immune competence, 
in parallel with larval competence, and the preparation of the mussel planktonic larvae for an 
adult benthic life. Interestingly, there was a clear shift at the metamorphosis stage: most of the 
genes had low expression levels related to oocytes and were upregulated as development 
progressed, a change that persisted in adult hemocytes. This finding suggests that at this stage, 
animals not only modify their body structure and behavior but also acquire a clear 
immunocompetence by expressing a complete repertoire of immune-related genes.	  There were 
two genes, lysozyme and mytimicin, that showed a different expression pattern, with lower 
expression in all developmental stages compared with oocytes or hemocytes. This result might 
indicate maternal inheritance (high expression values in oocytes) probably related to 
immunoprotection of the progeny, although this phenomenon requires further research. Parental 
investment in the immunoprotection of offspring has been observed in other mollusks [44], and 
after development, planktotrophic larvae can begin using a fraction of the energy obtained by 
active feeding for active transcription. Finally, MacP showed high expression levels in all 
samples compared to oocyte expression, with an onset of expression observed in mussel veliger 
larvae, which is in agreement with previous studies [43]. This finding suggests possible 
involvement of this gene in development, as has been reported in other bivalves for genes with a 
similar expression pattern, such as the metalloprotease inhibitor from Crassostrea gigas, Cg-
timp [45]. The basal expression of immune-related genes was confirmed by the WISH studies 
(Fig. 6). The trochophore larvae show a conspicuous staining pattern in which some of the 
larvae are completely stained, whereas others are not. This discrepancy could be due to 
individual variability at the onset of larval gene expression. During development, the variability 
among larvae is reduced, with the veliger larvae showing specific staining in the mantle edge. 
This pattern of expression is very different when compared to the positive control actin, which 
is expressed in all the mussel cells but was mainly observed in the muscles on the interior of the 
shell, specially in the veliger stage. However, lysozyme and mytimicin were exceptions to this 
expression pattern; lysozyme was not detected during the veliger stage, and mytimicin showed 
very low expression in the velum, further supporting the qPCR results. The majority of gene 
expression observed in pediveliger larvae stained in a patchy pattern along the mantle edge 
(Myticin B and C, Mytilin B, MgC1q and Macp), although expression of lysozyme and MIF 
was observed in the digestive gland, and FREP and mytimycin were expressed through the 
entire larval body in a pattern similar to the positive control actin. 
Mussel larval development is rapid and is driven by energy stored by the oocyte, as well 
as protein and mRNA of maternal origin. After planktotrophic larvae begin actively feeding, the 
larvae synthesize their own mRNA and proteins, acquiring competence and preparing the 
animals to settle down and begin benthic life. This anticipatory pathway allows larvae to 
complete metamorphosis in a very short time [46]. Larvae in a metamorphic state are weak in 
terms of defense against predators and likely also against pathogens [47]. At this metamorphic 
stage, expression levels of immune-related genes were higher than in oocytes, suggesting active 
immune gene expression in mussel larvae. Previous mollusk ontogeny studies showed that this 
pattern of gene expression is followed by the expression of several proteins, both immune- and 
non-immune-related [45, 48, 49]. The upregulation of innate immune-related genes during 
metamorphosis has been previously reported in Boltenia villosa, highlighting the role of innate 
immunity during ascidian metamorphosis [50]. The upregulation observed during 
metamorphosis might simply reflect the maturation of the innate immune system but might also 
be related to the resorption and reorganization of larval tissues, as well as the larval ability to 
detect and respond to bacterial settlement cues. 
WISH revealed the individual pattern of immune-related gene expression and provided 
a more realistic representation of gene expression than qPCR. Although several studies have 
been published concerning different WISH protocols in bivalves [51-53], to our knowledge, the 
present work depicts the largest array of gene expression examined by WISH in any mollusk 
species. Strikingly, several of the immune-related genes analyzed were expressed in the mantle 
edge (Fig. 6). In C. virginica, the accumulation of non-phagocytosing cells has been observed 
near the thickened mantle region of the hinge, as well as the presence of mitotic figures [30]. 
Strong labeling of the veliger mantle edge seen by WISH of the hemocyte-expressed mRNAs 
Myticin B and C and FREPS [22, 23, 42] suggests that accumulation of hemocytes is occurring 
in this region during larval stages because these genes are expressed mainly in hemocytes. 
3.4. Modulation of immune expression in challenged larvae 
Immune challenge with heat-inactivated (Fig. 7A) or live V. anguillarum (Fig. 7B) 
induced differential expression of the selected immune-related genes. Stimulation with heat-
inactivated V. anguillarum induced down-regulation of gene expression compared to control 
larvae for most of the immune-related genes during the planktotrophic stages except for MIF, 
lysozyme, MacP and FREP in trochophores. In veliger larvae, the expression of immune genes 
was similar for heat-inactivated and live V. anguillarum stimulation, where we observed the 
down-regulation of all genes examined. It is likely that these larvae invest their energetic 
resources in fast metabolic development to reach settlement and to develop competence [47]. 
The modulation observed in C. gigas during early stages [45] might be related to differences in 
habitat (sandy shallow waters for oysters and rough rocky shores for mussels). However, larvae 
in metamorphosis showed important differences in response to heat-inactivated and live V. 
anguillarum stimulation. Heat-inactivated bacteria induced a mild up-regulation of immune-
related genes, whereas live V. anguillarum induced down-regulation of all genes except MMG1 
and FREP. This effect was also observed in spat, where heat-inactivated V. anguillarum induced 
up-regulation of all of the studied genes, whereas live V. anguillarum induced a decrease in 
gene expression. This result suggests a mechanism for antimicrobial evasion by live but not 
heat-inactivated V. anguillarum, as it has been described for other virulent bacteria such as 
Vibrio parahaemolyticus [54]. This effect seemed more drastic in larvae, perhaps because of the 
stress associated with metamorphosis. Our data support that bacterial stimulus can trigger an 
appropriate immune response in larvae, as previously described for the adult mussels [55, 56]. 
In summary, M. galloprovincialis immune capacities arise during mussel development 
as early as the trochophore stage. At this developmental stage, gene expression has 
contributions of maternal origin, but stimulation induces the expression of immune-related 
genes. Gene expression starts to rise after the veliger stage, preparing larvae for settlement. At 
this stage, the expression of immune-related genes characteristic of hemocytes is localized to 
the mantle edge. Further research is necessary in order to clarify if the accumulation of 
hemocytes in the mantle edge arises from hemocyte migration or if this organ could have a role 
in hematopoiesis. At metamorphosis, there is an important switch in the gene expression 
pattern, which is more similar to adults when examining both constitutive expression and the 
response to bacterial stimuli. The upregulation of immune-related genes observed during 
metamorphosis might reflect the maturation of the innate immune system or the reorganization 
of larval tissues but also plays an active role in immunity at this stage. 
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Table 1: Immune-related genes. Immune-related genes analyzed in the present work and 
primer sequences used for qPCR. The main function of each gene is also summarized. 
Gene Putative function Primer Name Sequence (5'>3') Reference 
Myt C fw  ATTTGCTACTGCCTTCATTG 
Myticin C Antimicrobial peptide Myt C rv TCCATCTCGTTGTTCTTGTC 
[23] 
MMG1 Mytimycin Prec 
qPCR1 S ACGGATGACGCTTTTGTTTG Mytimicin Precursor 
1 
Antimicrobial 
peptide MMG1 Mytimycin Prec 
qPCR1 As GCAGTCCCAGCAATGTTTC 
[23] 
MIF qPCR1 S  TACACCCAGACCAAATGATG Macrophage 
inhibition factor 
Inflammatory 
regulator MIF qPCR 1 As TTCTCCTAATGCTCCAATACTG 
[23] 
Myticin B qPCR 1S AATGTCTTCGTTGTTCCAG 
Myticin B Antimicrobial peptide Myticin B qPCR 1As AATGCCAGTTTCACCTTG 
[23] 
MgC1q qPCR 1S ATTTATGCGTTCACTTGGAC 
C1q Antigen recognition 
MgC1q qPCR 1As ACACCGATTTTTGTGCTG 
[23] 
Mg Lysozyme qPCR 1S TGTCTGTCGCACTATTCTTC 
Lysozyme Bacterial wall hydrolysis Mg Lysozyme qPCR 1As AGTCCGCAACAAACATTC 
[23] 
Myl 4 TGAAGGCAGGAGTTATTCTGGC 
Mytilin B Antimicrobial peptide Myl 3 ACAACGAAGACATTTGCAGTAGC 
[57] 





molecule Perforin PCRq-R GCCCAATCAGGCATCATGTTA 
[23] 
qPCR FREP G1S GCAAATGTGCTACAAACTACCG Fribinogen-related 
protein (FREP) Antigen recognition qPCR FREP G1S TCCAAGTACGCCAGTAAACG 
Present work 
Mussel-18S-F GTACAAAGGGCAGGGACGTA 
18S Ribosomal constituent Mussel-18S-R CTCCTTCGTGCTAGGGATTG 
[56] 
 
Table 2. Primer sequences used to synthesize probes and corresponding gene sequences. 
Genes and primers uses for probe synthesis. Highlighted bold nucleotides are the Sp6 and T7 
promoters. 




Sense-sp6 ACGATTTAGGTGACACTATAGAATACACCCAGACCAAATGATG MIF 
Antisense-T7 AGTTAATACGACTCACTATAGGGATTCTCCTAATGCTCCAATACTG 
Sense-sp6 ACGATTTAGGTGACACTATAGAAATATTCCTCAAAACTCAAAACATTCA Myticin C 
Antisense-T7 AGTTAATACGACTCACTATAGGGATTCAAGCTGAAAACGTCGAA 
Sense-sp6 ACGATTTAGGTGACACTATAGAAAATGTCTTCGTTGTTCCAG Myticin B 
Antisense-T7 AGTTAATACGACTCACTATAGGGAAATGCCAGTTTCACCTTG 
Sense-sp6 ACGATTTAGGTGACACTATAGAATGAAGGCAGGAGTTATTCTGGC Mytilin B 
Antisense-T7 AGTTAATACGACTCACTATAGGGAACAACGAAGACATTTGCAGTAGC 
Sense-sp6 ACGATTTAGGTGACACTATAGAAATTTATGCGTTCACTTGGAC C1q 
Antisense-T7 AGTTAATACGACTCACTATAGGGAACACCGATTTTTGTGCTG 
Sense-sp6 ACGATTTAGGTGACACTATAGAATGTCTGTCGCACTATTCTTC Lysozyme 
Antisense-T7 AGTTAATACGACTCACTATAGGGAAGTCCGCAACAAACATTC 
Sense-sp6 ACGATTTAGGTGACACTATAGAACTATTTGGCGGGAGTTTGAC MACP 
Antisense-T7 AGTTAATACGACTCACTATAGGGATCTGAATCCACAAAGGAGCA 
Sense-sp6 ACGATTTAGGTGACACTATAGAAGCAGGTAACAGCATAGAACATC FREPs 
Antisense-T7 AGTTAATACGACTCACTATAGGGACCAAGTACGCCAGTAAACG 
Sense-sp6 ACGATTTAGGTGACACTATAGAA	  AACCGCCGCTTCTTCATCTTC Actin 
Antisense-T7 AGTTAATACGACTCACTATAGGGA	  TACCACCAGACAAGACGG 
 
 Figure Legends 
Figure 1: A. Photomicrographs of Mytilus galloprovincialis. A. Trochophore stage. B. Veliger 
stage. C. Pediveliger stage. The scale bar for all three micrographs is 50 µm. D. Mytilus 
galloprovincialis larval growth throughout development was measured as the mean shell length 
± SD. Dashed bars indicate approximate transition from trochophores to veliger and veliger to 
pediveliger. 
Figure 2: Phagocytosis in Mytilus galloprovincialis larvae. A. Representative dot plot 
illustration of phagocytosing cells (FL-1 fluorescence events) at 24 hpf according to the cell size 
(FSC-H) and the cell granularity (SSC-H). The treatments are FSW (C), Escherichia coli (Ec) 
and zymosan (Zym). B. Phagocytosis is represented as the percentage of fluorescence events 
(FL-1) for each time and treatment normalized to the control (100%). The results are presented 
as the mean of at least two different families and three different technical replicates ± square 
error of the mean. Asterisks denote significant differences (p<0.01).	  
Figure 3: Microscopic detection of larval phagocytosis. Mussel larvae phagocytosis was 
examined in complete larvae using pHrodo-labeled Escherichia coli and Texas Red-labeled 
zymosan. Red fluorescence of labeled particles is shown in columns 1 and 4 for 24 hpf and 48 
hpf larvae, respectively. Nuclear DAPI staining and merged images of red and blue fluorescence 
are also shown in columns 2 and 3 for 24 hpf larvae and columns 5 and 6 for 48 hpf, 
respectively. Control larvae were treated with FSW. Scale bar is 25 µm in all pictures.  
Figure 4: Radical production by Mytilus galloprovincialis larvae. A. ROS production after 
zymosan stimulation in 24 hpf, 48 hpf or 72 hpf larvae. The results are presented as the 
percentage of ROS production in the absence of stimulus (100%) of at least two different 
mussel families. B. RNS production after zymosan stimulation in 24 hpf, 48 hpf or 72 hpf 
larvae. The results are presented as the percentage of RNS production in the absence of stimulus 
(100%). The results are presented as the mean ± square error of the mean for at least two 
different mussel families, and asterisks denote significantly different treatments (p<0.05). 
Figure 5: Constitutive expression levels of selected immune-related genes throughout different 
larval stages and in adult hemocytes. Fold change data for each developmental stage related to 
oocyte expression have been log2 transformed to facilitate the visual depiction of down-
regulation. The results are presented as the mean ± square error of the mean of three different 
biological replicates. Asterisks indicate significant differences (p<0.05) in gene expression. Myt 
C: Myticin C, MMG1: Mytimycin Precursor 1, MIF: Macrophage migration inhibition factor, 
Myt B: Myticin B, C1q: Complement C1q, Lysozyme, Mytl B: Mytilin B, MACP: Membrane 
Attack Complex/perforin, FREP: Fibrinogen-related protein.  
Figure 6: Whole-mount in situ hybridization of selected immune-related genes throughout 
different larval stages. Antisense probes for each gene are shown for trochophore, veliger and 
metamorphosed larvae. The corresponding in situ hybridization using a sense probe for each 
gene was performed as the negative control, and a representative figure is shown. Actin 
antisense probe was used as the positive control. Scale bar: 100 µm. 
Figure 7: Modulation of the expression of selected immune-related genes in larval stages 
challenged with Vibrio anguillarum. Gene expression fold change data for stimulated larvae 
compared to non-stimulated larvae were log2 transformed. A. Heat-inactivated Vibrio 
anguillarum. B. Live Vibrio anguillarum. The results are presented as the mean ± square error 
of the mean for three different mussel families performed in triplicate. Asterisks indicate 
significant differences (p<0.05) in gene expression. Myt C: Myticin C, MMG1: Mytimycin 
Precursor 1, MIF: Macrophage migration inhibition factor, Myt B: myticin B, C1q: 
Complement C1q, Lysozyme, Mytl B: Mytilin B, MACP: Membrane Attack Complex/perforin, 
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